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Abstract 
Combined cycle solar thermal power plants are expected to bring an efficiency increase as compared to state-of-the-art cycles. A 
passive sensible heat storage system in the low pressure part is expected to enable dispatchability of such a plant. However, the 
amount of energy available for the bottoming cycle is limited to the exhaust energy of the gas turbine. This is not sufficient if 
high solar shares and the generation of large amounts of electricity throughout the day and night are aspired. 
SUNDISC, a cycle with a dual-pressure receiver system, is proposed to address this limitation. Energy dumping through 
defocusing can be replaced by refocusing onto the low-pressure receiver system, which directly charges the storage system and, 
therefore, allows more energy to be harnessed during daytime. This potentially enables the bottoming cycle to be of comparable 
rating to the top cycle while still running throughout the night. 
A comparison of a non-optimized SUNDISC cycle and a layout without the low-pressure receiver system showed a 10 % larger 
annual power generation of the former. Further improvements in solar share, power generation and dispatchability are expected 
for systems that are optimized for the respective requirements. Additional advantages in the areas of heliostat field optics and 
operational consistency have yet to be quantified. 
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1. Introduction 
The main cost driver in today’s concentrating solar power (CSP) plants is the solar field. If the plant’s efficiency 
is improved, the field can be minimized, while generating the same amount of electricity. The subsystem of a CSP 
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plant with the highest relative loss is the power cycle, which typically has a thermal-to-electric efficiency below 
45 % in state-of-the-art CSP plants. 
A straight-forward way to convert concentrated solar radiation more effectively into electricity, using proven 
power block equipment, is to use a combined cycle (CC). In CCs, thermal energy is passed on to pressurized air 
downstream the gas turbine’s compressor, heating it up to a maximum temperature of 800 °C to 1400 °C. The 
exhaust flue gas of the gas turbine (GT) is used to preheat, evaporate and, possibly, superheat steam in a heat 
recovery steam generator (HRSG). Typical live steam temperatures can be approximately 400 °C to 580 °C. 
One challenge in the realization of a CC in a CSP plant is the implementation of the thermal energy storage 
system (TESS). Several conceivable storage technologies and media are presented in Section 2 and depicted in 
Fig. 1. They result in different cycle layouts and operating modes. In the present work, one of these cycles is 
analyzed and optimized for its ability to provide baseload power with high solar shares (≥ 90 %). 
2. Potential storage system locations in a combined cycle CSP plant 
Thermal energy storage systems are referred to as ‘active direct’ when the heat transfer fluid itself is stored and 
as ‘active indirect’ when another medium flows through a heat exchanger for charging/discharging. In a ‘passive’ 
TESS, the heat transfer fluid flows through the, typically solid, storage medium.  
Direct storage of gas (a,d in Fig. 1) is not feasible because of its low volumetric heat capacity. Indirect storage in 
a separate high temperature (HT) storage medium upstream the GT (c) does not appear viable for a lack of a suitable 
fluid. In the near future, the remaining option to store thermal energy on the HT side of the cycle is a passive TESS 
(b). However, due to the gas being pressurized, the TESS tank(s) will have to withstand elevated pressures at high 
temperatures. 
The thermodynamic nature of Brayton air cycles presents another limitation to cycles with passive HT TESSs. In 
a GT, the required specific work of the compressor typically accounts for approximately half of the specific work of 
its expander. If part of the pressurized heated air exiting the receiver is used to charge a passive HT TESS and 
throttled to the environment afterwards, all of this compression work is lost. Such a TESS would, therefore, only 
make energetic sense if the exiting cold pressurized air was redirected to the receiver via a bypass (h). 
Another storage option is to only store the thermal energy downstream of the GT. At this lower temperature (LT), 
lower cost active storage media and containment materials are available and unpressurized air can be used to 
charge/discharge the TESS. An indirect active (f) storage medium in the appropriate temperature range is, for 
example, Solar Salt™. The most promising concept, however, seems to be a passive TESS upstream the HRSG in 
the gas cycle (e). This is mainly due to available low cost storage media, like for example, high temperature concrete 
Fig. 1. Scheme of a combined cycle CSP plant with possible locations of the thermal energy storage system. a – HT active direct. b – HT passive. 
d – HT active indirect. d – LT active direct. e – LT passive. f – LT active indirect. g – steam passive. h – bypass for a. 
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[1,2], ceramics [3] and especially rock [4–6]. When thermal energy is stored directly in the steam cycle (g), as 
proposed for direct steam generation plants [1], the TESS has to provide sensible and latent heat. This leads to more 
complex set-ups and operation and is, therefore, not seen as a desirable solution. 
One concept of a combined cycle CSP plant with passive LT TESS is the SUNSPOT (Stellenbosch University 
Solar Power Thermodynamic) cycle, as proposed by Kröger [7]. Fig. 2 shows a scheme of the basic concept 
employing a packed bed of rocks as the TESS. 
An important aspect of the SUNSPOT cycle is that its gas and steam cycles are operationally decoupled. This 
allows for continuous electricity generation in an asynchronous operation, where the gas turbine runs during daytime 
and charges the TESS while the Rankine steam cycle runs at night. The latter is powered by storage discharging. A 
positive side-effect is that the condenser, which is intended to use dry-cooling, operates at higher efficiencies during 
night-time. 
3. Simulations of basic SUNSPOT cycle 
In a previous work [8], a rock-bed-TESS-centered simulation model of the SUNSPOT cycle was created in the 
MATLAB® R2011b environment. This storage model was adopted for the present work and fitted with a more 
detailed and realistic power block model, receiver model and basic plant control logic. The details of these are 
presented in APPENDIX A and the following Section. Afterwards, the results of simulations with different plant 
configurations for a plant located in Upington, South Africa are compared. 
 
3.1. Operating principles and predefined properties 
A fundamental assumption has been made regarding hybridization of the plant: A solar gas turbine design 
analysis [9] showed that only low solar shares are achieved if solar receivers are mainly used for preheating 
pressurized air, before generating higher temperatures in the combustion chamber. As opposed to other conceivable 
implementation of the SUNSPOT cycle, high solar shares (≥ 90 %) are aspired in the present simulations. Because 
of this, no co-firing of the combustor is foreseen for nominal conditions and the nominal GT expander inlet 
temperature is reached in the receiver. The GT load is determined by the solar energy supply as the provided 
combustor is mainly designed to top-up solar energy insufficient to run the GT. Other possible applications of it are 
to compensate for fluctuations in solar energy supply and to solely power the GT and fill the TESS when no 
irradiation is available and the TESS has been depleted. 
The latter case, which will normally occur in winter time after a day of low irradiation, shows the second 
operating principle besides reaching a high solar share: Baseload characteristics are aspired to demonstrate a 
combined cycle CSP plant’s ability to stabilize electric grids. This is expected to be of high significance when 
conventional power plants, which are reliable but have a low ramp-rate, are replaced by and supplemented with 
renewable energy generators. 
Thermal inertia of the system is not considered at this stage. However, the amount of turbine start-ups is 
Fig. 2. Scheme of the basic SUNSPOT cycle as proposed by Kröger [7]. 
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minimized by an operating logic that favors constant load conditions of GT, ST and HRSG. 
The receiver’s nominal rating is defined as 17.4 MWt, which equals the maximum amount of thermal energy 
required by the 5.25 MWe GT at any point in time. The storage is modeled as a tank with a diameter of 10 m, which 
guarantees sufficiently low flow speeds for the given specifications. Of the remaining parameters, the ones with the 
biggest influence on system performance are the heliostat field aperture area, the storage tank height and the steam 
turbine rating. These are varied in the following simulations to show dependencies on the annual plant performance. 
Table 1. Plant specifications and performance indicators of basic SUNSPOT cycle simulations. 
Parameter Design Case 1 Design Case 2 Design Case 3 
Solar multiple 1.9 1.9 1.9 
Steam turbine nominal power rating (day- to night-time power ratio) 1.0 MWe (5.3:1) 1.9 MWe (2.8:1) 1.9 MWe (2.8:1) 
Storage volume 785 m3 785 m3 785 m3 
Fuel firing when storage is depleted no no yes 
Annual hybridization rate 5.2 % 5.2 % 35.9 % 
Annual power generation 19.9 GWhe 21.8 GWhe 30.5 GWhe 
Annual time of no power generation 361 h 1838 h 0 h 
Annual dumped energy through defocusing 30.8 GWhopt 30.8 GWhopt 28.9 GWhopt 
3.2.  Simulation results 
 Key performance indicators of simulations of three different design cases with the basic SUNSPOT model are 
given in Table 1 and discussed in the following. 
The defined large storage system can solely power a 1.0 MWe Rankine cycle (Design Case 1) for 28 h before its 
depletion. Completely charging the TESS from this state in a plant with a solar multiple of 1.9 takes approximately 
two summer days with good irradiation (see Fig. 3). However, with a power generation ratio of approximately 5:1 of 
day- and night-time operation, this configuration cannot be considered a baseload plant.  
When increasing the steam turbine rating to 1.9 MWe (Design Case 2), the storage charging level will at no time 
reach 100 %. On the one hand, this means that no thermal energy has to be disposed of, while still being able to 
power the ST for 13 hours from the TESS. On the other hand, the exhaust energy of the GT fed into the TESS 
within one winter day of good irradiation is only sufficient to power the ST for approximately 8 hours. This implies 
Fig. 3. Thermal energy flows for summer days of low and high solar irradiation in a Design Case 1 plant. 
1404   L. Heller and P. Gauché /  Energy Procedia  49 ( 2014 )  1400 – 1409 
that either the power plant will not generate electricity half of the night (Fig. 4a) or the GT has to be run from fuel 
(Fig. 4b). In the latter design case (3), the annual fraction of co-firing reaches 36 %. Each option conflicts with one 
of the two operating principles for the plant (high solar share or baseload capability). 
(a) (b) 
Fig. 4. Thermal energy flows for a winter day in (a) Design Case 2 and (b) Design Case 3 plants. 
3.3. Summary of the simulations 
It was found that even with a large storage system, the basic SUNSPOT cycle will not be able to achieve 
baseload characteristics and a high annual solar share at the same time. The bottleneck of the whole system in terms 
of dispatchability is the limited mass-flow throughput of the gas turbine, which limits the heat flux into the TESS 
even at high solar multiples. This additional energy would most likely be available, because a solar multiple greater 
than unity is necessary to run the GT at full load at any time except for times of highest irradiation. An elevated 
solar multiple of, for example, 1.9, means that during hours of high solar irradiation, potentially usable optical 
energy has to be discarded of through heliostat defocusing. At the same time, the TESS does not generally acquire 
enough thermal energy to power the Rankine cycle throughout the night. 
4. The SUNDISC cycle 
The problems stated in Section 3 were addressed with an updated interpretation of the SUNSPOT cycle. The 
SUNDISC (Stellenbosch University Direct Storage Charging Dual-Pressure Air Receiver) cycle contains two solar 
receiver systems, namely a high pressure receiver system (HPRS), which is implemented into the air Brayton cycle, 
and an unpressurized receiver system (LPRS) that is used to directly charge the passive TESS (Fig. 5). 
The expected improvements are the following: 
x Better utilization of available irradiation (less defocusing, alternative target). 
x Utilization of larger solar multiples in a cost effective manner. 
x Baseload performance/ better utilization of the steam turbine. 
x Lower co-firing rate. 
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4.1. Model adjustments 
The SUNSPOT model has been expanded for the additional low pressure receiver system to demonstrate the 
capabilities of the SUNDISC cycle. The only noteworthy addition was a model for the LPRS, based on HiTRec-II 
open volumetric receiver modules. The LPRS thermal efficiency in dependence of the air mean outlet temperature is 
modeled through Equation 1, which is a linear fit of test results [10]. 
outLPRS,
14
LPRSt, K1033.308.1 T
u K        (1) 
For the following simulations, the optical energy available to the LPRS equals the amount of energy that would 
otherwise have been lost through defocusing. It is assumed that all of this energy, as soon as it exceeds a certain 
threshold, can and will be directed onto the secondary receiver system. An appropriate thermal rating of the open 
volumetric receiver system will have to be determined on the basis of an economical optimization. 
The plant control remains unchanged except for the LPRS control described above. Because of the low- and 
high-pressure cycles being decoupled, no changes in the TESS and Rankine cycle control are necessary. Only the 
storage diameter had to be adjusted to 13 m to account for the larger flow rate so that the specific mass flow per 
cross-sectional area is limited. 
4.2. Simulation results 
Two simulations were run with the same plant specifications as in design cases 2 and 3 except for the added 
LPRS and a wider storage tank (see Table 2). For comparison, one simulation with the wider storage tank but 
without a LPRS was conducted (Design Case 4). 
The results show that the number of hours, in which the plant does not generate electricity, can be decreased 
considerably through the addition of a secondary receiver system (Design Case 5). In Fig. 6, the extended time of 
electricity generation of the Rankine cycle in a winter night can clearly be seen. However, with the given solar 
multiple of 1.9, the stored thermal energy is not sufficient to run the steam turbine all night long. In summer time, on 
the other hand, the limited storage capacity requires energy to be dumped. A seasonal thermal storage system could 
shift energy from summer to winter time but this option is out of the scope of this study. 
Fig. 5. Scheme of the SUNDISC cycle with optional air return loop. 
1406   L. Heller and P. Gauché /  Energy Procedia  49 ( 2014 )  1400 – 1409 
In Design Case 6, the fuel combustor is used in the same mode as in Design Case 3. It is shown that the 
hybridization rate can be decreased greatly when a LPRS is implemented. The smaller amount of generated power 
per year in this case is caused by the lower utilization of the gas turbine to recharge the storage after its depletion. 
4.3. Evaluation of the cycle’s benefits 
The decoupled nature of the two power cycles (Brayton and Rankine) in the SUNDISC cycle allows for virtually 
independent sizing of them, according to individual projects’ specifications. If, for example, high baseload reliability 
is crucial, the LPRS and the TESS can be enlarged. If, on the other hand, a high solar-to-electric efficiency is 
required, the Rankine cycle’s size will be adjusted to yield high combined cycle efficiencies during daytime and the 
LPRS will mostly be used to charge a smaller TESS to avoid transients in the HRSG. Dispatchability or baseload 
capability can therefore be enhanced individually.  
Table 2. Plant specifications and performance indicators of simulations with LPRS compared to reference. 
Parameter Design Case 4 Design Case 5 Design Case 6 
Solar multiple 1.9 1.9 1.9 
Steam turbine nominal power rating (day- to night-time power ratio) 1.9 MWe (2.8:1) 1.9 MWe (2.8:1) 1.9 MWe (2.8:1) 
LPRS nominal thermal rating 0.00 MWt 16.3 MWt 16.3 MWt 
Storage volume 1330 m3 1330 m3 1330 m3 
Fuel firing when storage is depleted no no yes 
Annual hybridization rate 5.2 % 3.5 % 13.5 % 
Annual power generation  22.1 GWhe 24.3 GWhe 27.2 GWhe 
Annual time of no power generation  1688 h 591 h 0 h 
Annual dumped energy through defocusing 30.8 GWhopt 586 MWhopt 579 MWhopt 
 
As stated in Section 3, a solar multiple greater than unity necessitates energy dumping through defocusing in the 
described cycle layout. The LPRS offers a secondary target for mirrors that are not required to focus on the HPRS. 
The amount of dumped energy, therefore, only depends on the position and thermal rating of the LPRS and the 
TESS capacity. Although no detailed cost information on unpressurized air receivers could be retrieved, it is 
Fig. 6. Thermal energy flows for a winter day in a Design Case 5 plant. 
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assumed that the receivers have considerably lower specific costs than pressurized air receivers. This is due to their 
simpler design without an expensive quartz glass window and a lower operating temperature. The additional 
receiver system is therefore a cost-effective way of maximizing the plant’s annual power generation. 
Additional benefits can be achieved through a more distributed receiver system. Individual locations of the HPRS 
and LPRS on the tower can increase the solar field efficiency and minimize the specific land-usage. 
5. Alternative manifestation: Dual-pressure air receiver 
Up to this point, LPRS and HPRS were described and modeled as two decoupled components, which are 
physically separated and can be run independently. Another conceivable design features a single receiver system 
providing heated air at both, high and low pressure. 
The Hybrid Pressurized Air Receiver (HPAR) concept has been investigated for the SUNSPOT cycle [11]. One 
manifestation of it, which is applicable for the SUNDISC cycle, is depicted in Fig. 7. The concept is based on a 
tubular cavity receiver, in which pipes are cooled (i) from the inside with pressurized air and (ii) from the outside 
with unpressurized air. These air flows are then directed to the GT expander and TESS/HRSG, respectively. 
The underlying principle of the HPAR is the volumetric effect, which means that the front row of pipes has a 
lower temperature than the ones in the back of the receiver. This is due to the lower thermal losses and the higher 
pipe density (see Fig. 7) deep inside the cavity. Compared to other pressurized air receivers, HPAR offers 
potentially simple and robust design solutions without the need for a pressurized glass window. Its limitations lie in 
the use of absorber tubes made of metal alloys. The used ceramics in other volumetric air receivers, for example, 
SiC, allow for higher operating temperatures.  
6. Conclusion 
Through comparison of the conceivable locations of thermal energy storage systems in combined cycle CSP 
plants, it has been deduced that a passive rock-bed storage downstream the exhaust of the gas turbine is an 
appropriate technology. A model of the SUNSPOT cycle, which describes such a system, has been developed based 
on experimentally tested and partially commercially available components. Year-long hourly simulations showed 
that the basic plant set-up cannot generate baseload electricity with a high solar share. To address this limitation, a 
novel interpretation of it has been proposed. 
The SUNDISC cycle features a high- and a low-pressure receiver system, of which the latter charges the thermal 
energy storage system directly. This allows for the efficient utilization of an enlarged solar field compared to the gas 
Fig. 7. Sketch of a preliminary design of the HPAR concept (courtesy of H. Kretzschmar). 
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turbine rating. The additionally harnessed thermal energy enables plants to generate more electricity through the 
bottoming cycle, which is not directly linked to the intermittancy of solar irradiation. 
Initial simulations have shown that the concept significantly increases the annual energy output, and, at the same 
time, decreases the rate of fuel co-firing. Further possible advantages that have not been accounted for in the model 
are a higher solar field efficiency due to the more distributed receiver cluster, better land usage because of expected 
higher acceptance angles of the LPRS, more stable operation of the HRSG and more reliable baseload 
characteristics. 
The next step will be to optimize the sizes of the main plant components for the SUNDISC cycle. Eventually, an 
economic evaluation that factors in the benefits of dispatchable electricity generation will have to show the viability 
of the concept. 
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Appendix A. Model of the basic SUNSPOT cycle 
A.1. Brayton cycle 
The Brayton cycle model is based on the Siemens SGT-100-1S 5.25 MW(e) gas turbine unit. The information in 
the product information [12] was used to model the GT’s compressor outlet temperature, mass flow and efficiencies 
depending on its load. The additional fuel burner is located downstream the solar receiver. Nominal compressor 
outlet, expander inlet and GT outlet temperatures are 398 °C, 1102 °C and 540 °C, respectively.  
A.2. Solar field and receiver 
The only two pressurized air receivers, for which testing data at high outlet temperatures is available, are the 
DIAPR and the REFOS receiver [13,14]. The receiver model is based on the latter because more detailed data on it 
is available. Tests were conducted with a receiver cluster that increased the air temperature from 300 °C to 960 °C at 
a thermal rating of 700 kWt. Values of the cluster’s thermal efficiency were given for outlet temperatures of up to 
800 °C and fitted with a linear correlation, valid up to 950 °C [14]. For the present model, Equation (2) was linearly 
extrapolated up to approximately 1100 °C, which is an optimistic assumption because of the super-linear increase of 
thermal radiation losses with the surface temperature. On the other hand, improvements of the system for a 
commercial plant are to be expected. 
utReceiver,o
14
Receivert, K1000.419.1 T
u K   (2) 
The secondary concentrator is modeled by a constant optical efficiency of 0.86 [15], not accounting for its 
changing transmissivity for differing incidence angles. This simplified approach is considered appropriate because, 
at the current stage, the heliostat field model itself does not have a great level of detail and the field was not 
optimized for specific flux requirements. Instead, a heliostat field of approximated dimensions and shape was 
modeled according to a model by Gauché et al. [16]. The solar field’s optical efficiency was then fitted with a fourth 
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order polynomial correlation dependent on zenith and azimuth angle. It was defined as a polar field with an 88 m 
high tower. Weather data and the geographical position of Upington, South Africa were used. 
A.3. Rankine cycle/HRSG 
Due to the small size of the steam turbine, a Rankine cycle without pre- or reheating is envisaged. Therefore, the 
HRSG only consists of an economizer, an evaporator and a superheater. Such a simple cycle was modeled with 
generic components in Ebsilon® Professional 10, a steady-state power plant simulation software. Simulations 
yielded a live steam temperature of 463 °C and a thermal efficiency of 27.4 % at nominal conditions when dry 
cooling is employed. At the Jülich Solar Power Tower, a robust Siemens SST-110 turbine set is used for a similar 
live steam temperature and power rating [17]. 
The temperature of the gas exiting the HRSG reaches 155 °C at these conditions, which adds further losses. 
Simulation results of efficiency and maximum power delivery of the Rankine cycle were generated depending on 
ambient and HRSG inlet temperatures and fitted with linear correlations (Equation 3). 
 
inHRSG,
14
amb
14
einHRSG,t, K1010.4K1090.6100.0 TT

o uu K     (3) 
A.4. Thermal energy storage system 
The TESS is realized as a packed bed downstream the GT. Details of its thermodynamic model can be found in a 
preceding study [8]. Dolerite rock, which is abundantly available in the Northern Cape province, of 40 mm average 
particle diameter is used as the storage medium. 
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